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ABSTRACT

The effects of wall cooling and nose bluntness on laminar and transitional reattaching
flows induced by a 9.5-degree ramp were investigated at Mach numbers from 3 through
6 by measuring the longitudinal surface pressure and heat-transfer rate distributions, as
well as the flow-field pressures, at several longitudinal stations. Reynolds number based
on flat-plate length was varied from 0.25 to 1.0 million. Although transitional reattachment
generally prevailed at all but the minimum Reynolds number at M,, = 3, an increase in
leading-edge radius was found to delay transition onset at M, = 4.5. When transition
was well downstream of reattachment, increased cooling delayed the onset; however, the
opposite was true when transition was near reattachment. The trend in the change in
interaction length with Reynolds number increase indicated laminar reattachment at all
test Reynolds numbers at M,, = 6 and transitional at the two higher Reynolds numbers
at M, = 3.0. The change in interaction length with a Reynolds number increase at M,,
= 4.5 indicated that the reattachment was probably transitional at the highest test Reynolds
number. A maximum upstream interaction extent was found with an intermediate nose
radius, regardless of the proximity of transition to reattachment. A modification of the
integral-moment theory was shown to correctly predict this reversal in interaction extent
caused by nose blunting, as well as the general characteristics of the overall interaction
for the adiabatic wall condition with laminar reattachment. Wall cooling always reduced
the interaction extents. Peak heating rates generally were dominated by transition onset
and were reasonably close to predicted turbulent levels. Tabulated surface pressure and
heat-transfer data at minimum Reynolds number are also presented.
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SECTION 1
INTRODUCTION

Despite the practical significance of leading-edge bluntness and nonadiabatic wall
conditions, relatively few investigations of the influence of these factors on shock-induced
flow separations have been made, particularly at moderate Mach numbers.

The effect of leading-edge radius on the pressure distribution for a ramp-induced
laminar flow separation was investigated first by Townsend (Ref. 1) at a Mach number
of 10 for an equilibrium wall temperature. Because the ramp was less than 15 percent
of the flat-plate length, these tests should not necessarily be considered representative
of results for which reattachment is unrestrained by the ramp length. In a comprehensive
investigation of the heat transfer in separated flows induced in a variety of ways, the
effect of blunting was also examined by Holloway, Sterrett, and Creekmore in Ref. 2
at a Mach number of 6 and a wall temperature of approximately 55 percent of the
stagnation value. Although this investigation was also conducted with a short ramp, the
plate length was varied significantly to allow the ramp length to change from 14 to 51
percent of the distance to the hinge line. Tests with a ramp model at cold wall, hypersonic
conditions for which there were no apparent model geometry limitations were reported
by Holden in Ref. 3. In these tests, conducted at M_ = 14, it was found that the size
of the separated region increased for small bluntness increases, whereas if bluntness were
increased sufficiently the size finally decreased. The decrease in the interaction extent
observed in Ref. 3 for plane flow when the bluntness is large was also found by Harvey
in tests at similar cold wall conditions (Ref. 4). On the other hand, pressure tests at
similar conditions with a flared cone model (Ref. 5) showed that the size of the interaction
only increased with bluntness increase. However, the appreciable reduction in net pressure
rise observed in plane flow tests with large bluntnesses was not found in these tests.

The first experimental investigation of boundary-layer separation with heat transfer
was that reported by Gadd (Ref. 6). These results, at Mach number 3, indicated that
for moderate cooling there was no definable influence of wall temperature on the separation
of a laminar boundary layer which was transitional at reattachment. The tests, moreover,
were conducted with a very narrow plate (aspect ratio less than 1.0) which spanned the
test section; thus the results must have been affected by the aspect ratio limitations
delineated in Ref. 7. On the other hand, Lewis (Ref. 8) found at Mach number 6 that
with a high degree of cooling and for plane laminar reattaching flow there was a significant
reduction in the size of the interaction over that for adiabatic wall conditions. Similar
effects on the pressure distributions with axisymmetric (flared) configurations were
obtained for a transitional reattachment by Ferguson and Schaeffer (Ref. 9), and for
laminar reattachment in Ref. 10 for a systematic wall temperature range.

Most of the literature concerning flow separation deals with surface pressure
measurements, and there is a shortage of data dealing with heat-transfer-rate measurements.
This is primarily because most tests have been run in conventional supersonic wind tunnels
where heat-transfer-rate measurements are not practical without special procedures. Cold
wall tests conducted in an impulse-type tunnel at Mach number 10 by Holden (Ref. 11)
and Needham (Ref. 12) showed that for laminar flow reattachment the maximum or peak
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heat-transfer rate occurred near the peak pressure location, which was coincident with
the neck or minimum thickness of the reattached boundary layer. Available hypersonic
(M_ = 10), cold wall, peak heating data for ramps were correlated by Bushnell and
Weinstein (Ref. 13) on the basis of local flow conditions and the estimated neck thickness.
Data such as those of Ref. 2 were excluded presumably because the ramp was not long
enough to allow reattachment unrestrained by geometry or because transition during flow
reattachment was indicated. It is noted that essentially none of these data (Ref. 2) exhibit
the extreme peaks observed in Ref. 12, for example. The only other data available, at
low supersonic speeds and higher wall temperature, are those of Ginoux (Ref. 14). His
results, which were obtained at a Mach number of 2 with constant heat transfer to the
stream, were judged transitional during reattachment on the ramp for moderate deflections;
but they did agree with Gadd's result in that no measurable effect on the pressure
distribution was found for the small heating imposed. Data have also been obtained on
flared cone-cylinder models (Ref. 9) at a Mach number of 5, but comparisons with
theoretical estimates indicated that the flow was transitional during reattachment and also
that there were no extreme peaks.

Because of the lack of data showing the effects of wall cooling and nose blunting
on ramp-induced, laminar boundary-layer interactions at moderate supersonic speeds, the
present experimental investigation was made. The basic model geometry used to study
aspect ratio criteria with laminar flow reattachment (Ref. 7) was retained, but a new
model was built having internal coolant passages and a removable leading-edge section.
Asymptotic calorimeter gages were added to this model so that both pressure and
heat-transfer data could be obtained simultaneously. In addition, boundary-layer and
flow-field surveys were made to supplement flow-field photographs and to verify the state
of the boundary layer in the vicinity of reattachment. The fast-response measurement
technique utilized first in Ref. 10 to approximate isothermal wall temperature conditions
was also used in this test program.

SECTION 1l
APPARATUS

2.1 MODEL AND SUPPORTS

The model, designed and fabricated at AEDC, consisted of a 2.5-in.-chord flat plate
with a fixed-angle ramp of 9.5 deg and a chord of 5.0 in. (Fig. 1). The span of the
model was 26.0 in., giving an aspect ratio (2b/S;) of 10.4 which is large enough (Ref.
7) to give a large span of two-dimensional flow on each side of the model centerline.
Three removable leading-edge sections were provided with nose radii (Ry) of 0.001, 0.023,
and 0.105 in. These leading edges were designed so that the horizontal distance from
the stagnation point to the plate-ramp hinge line was the same (2.5 in.) for all three
leading edges. The leading edges were designed to be flush with and parallel to the
instrumented surface of the flat plate; however, a slight mismatch (of the order of 0.002
to 0.004 in.) and a small windward angle on the leading edge were observed at times
during the test as a result of the compound applied to seal the joint. Lower surface skirts
were an integral part of the model. Numerous internal passages were provided for the
liquid nitrogen (LN;) used to cool the model during the cold wall phases of the test.
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A supply manifold was located at the base of the model to insure more uniform cooling,
and an exhaust manifold was used to discharge the nitrogen well downstream of the model
in order to eliminate any flow disturbance or freezing of the transducer package cooling
water.

Altogether, 87 surface pressure taps, 11 Gardon heat gages, and 30 thermocouples
were provided. The pressure taps were arranged in four chordwise rows, with 33 within
at least 0.25 in. of the model centerline and 18 each at 6.5, 11.0, and 12.25 in. from
the centerline (see Fig. 2a). In general, because of instrumentation limitations, only the
centerline and the first row off centerline were used. The taps being used could be changed
by a quick disconnect manifold just downstream of the ramp trailing edge. The Gardon
gages were located in a chordwise row, four on the flat plate and seven on the ramp,
2.75 in. off the model centerline. The 30 thermocouples were imbedded in and distributed
over the entire model surface and were used only to monitor the uniformity of the model
surface temperature.

The survey probe mechanism was supported by a sting which was attached to the
main model support bracket by means of an offset strut (Fig. 2b). The probe drive
mechanism was attached to a shaft which allowed manual positioning of the probe in
the axial direction while the probe pitch and vertical position were set by a remotely
controlled motor drive. Two probes, a disk probe for static pressure and an impact probe
for pitot pressure, were mounted 3 in. on either side of the model centerline. Details
of these probes are included in Fig. 2b.

The entire model and probe mechanism was attached to the forward face of the
wafer gage transducer package, the external shell of which acted as the sting (Fig. 2b).
The transducer package was mounted to a 12-deg bent sting which in turn was attached
to the tunnel roll mechanism. This combination allowed for alignment of the model in
pitch and roll and positioning of the model above the tunnel centerline to obtain clearance
between the survey probe mechanism and the tunnel wall.

During some phases of the tests, "orifice dams" (Ref. 15) were installed on the model
in an attempt to define more closely the flow separation and reattachment points. These
"dams" were 20-deg wedges, either 0.030 or 0.045 in. high and 0.1 in. wide. They were
glued to the surface of the model (with clear cement) either just upstream of a pressure
orifice with the leading edge of the ramp windward or just downstream of an orifice
with the trailing edge of the ramp windward. The orifice dams were used either separately
or a series of them were placed on a row of orifices. The results from this investigation
are presented in Appendix I



Fig. 1 Sharp-Leading-Edge Ramp Model and éurvey System Installed (Inverted) in Tunnel B
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a. Instrumentation and Cooling
Fig. 2 Model Geometry Details
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2.2 INSTRUMENTATION

Model surface pressures were mcasured on 42 variable-reluctance (wafer gage)
transducers rated at 3.0 psid for the Mach number 3.0 and 6.0 test entries and 0.5 psid
for the Mach number 4.5 entry. Eleven carrier amplifiers (each with four channels) were
used for excitation and signal conditioning. The d-c output of the carrier amplifiers was
attenuated, digitized, and recorded on magnetic tape by a Beckman® 210 Data System. The
wafer gage transducers were referenced to the tunnel tank pressure which was trapped
(by suitable valving) in the transducer package before the model was injected into the
tunnel. This pressure ranged from 1 to 3 times free-stream static pressure and was measured
with a 20-psid Baratron® transducer which was calibrated at 3.0, 1.0, or 0.3 psid full
scale. The Baratron transducer was referenced to near vacuum. The wafer gage transducers
were calibrated in two ranges. In general, these were 1.0 and 0.5 psid full scale for the
3.0-psid transducers and 0.5 and 0.25 psid full scale for the 0.5-psid transducers. Six
calibration loads were applied from zero to the full-scale pressure being calibrated, and
scale factors were calculated for each loading. A linear interpolation of the scale factor
between the two loadings closest to the measured pressure was used for the data reduction
thereby accounting for any nonlinearity in the transducers. The transducers were operated
on the calibrated range closest to the expected pressure; i.e., in general, the taps on the
flat plate were on the lower and the taps on the ramp were on the higher of the two
calibrated ranges. Based on examination of the repeat data, the estimated precision of
the 3.0-psid wafer gage transducers was +0.005 psia or *2 percent of the calibrated
pressure, whichever was larger, and the estimated precision for the 0.5 psid wafer gage
transducers was *0.002 psia. The reference pressure was measured to an estimated precmon
of *+1.0 percent of the operating range.

The pitot pressure measurements were made with a 15-psid transducer calibrated over
four ranges. The disk static pressure measurements were made with a 5-psid transducer
calibrated on two ranges. These transducers were also referenced to the trapped pressure
in the wafer gage transducer package. From repeat calibrations, the estimated precision
of the pitot pressure measurements was £0.01 psia or £1.0 pcrcent, whichever was greater,
and for the static probe measurements was *1.0 percent of the calibrated range. The
data reduction procedure for the disk static probe is given in Appendix I

The probe drive and mechanical positioning mechanism allowed the probe to be
positioned axially with an estimated precision of £+0.010 in. and in the y direction within
+0.003 in.

23 WIND TUNNELS

The tunnels (Supersonic Wind Tunnel (A) and Hypersonic Wind Tunncl (B)) are
continuous, closed-circuit, variable density wind tunnels. Tunnel A has an automatically
driven, flexible-plate-type nozzle and a 40- by 40-in. test section. The tunnel was operated
at Mach numbers 3.0 and 4.5 at stagnation pressures from 9 to 37 psia and from 20
to 78 psia, respectively, and at a stagnation temperature of 600°R. Tunnel B has an
axisymmetric contoured nozzle and a 50-in.-diam test section. The tunnel was operated
at a nominal Mach number of 6 at stagnation pressures from 66 to 265 psia, at a stagnation
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temperature of 850°R. The model may be injected into the tunnels for a test run and
then retracted for model cooling or model changes without interrupting the tunnel flow.
In the Tunnel A tests, the model was always in the most forward position for injection
so that the elapsed time was a minumum from the start of the vertical travel (injection)
to closure of the fairing doors.

The heat-transfer-rate measurements were made with asymptotic-type heat-transfer
(Gardon) gages. The gages in the lower heating areas (flat plate and lower portion of
the ramp) had a disk thickness of 0.002 in., while in the higher heating area (ramp) the
gage disks were 0.005 in. thick. The gages were calibrated at three temperatures: room
temperature (80°F), dry ice temperature (-90°F), and liquid-nitrogen temperature (-320°F).
A linear interpolation of these scale factors was used to obtain a scale factor at different
values of wall temperature. At room temperature, the estimated precision of the Gardon
gage measurements was +5 percent of the reading or +0.02 Btu/ft2-sec for the 0.002-in.
gages and *0.05 Btu/ft2-sec for the 0.005-in. gages, whichever was larger. The precision
of the model wall temperature measurements, using Chromel®-Alumel® thermocouples,
was +2°F or +0.5 percent, whichever was greater.

SECTION 11I
PROCEDURE

3.1 TEST CONDITIONS AND METHODS

The tests were conducted at nominal Mach numbers of 3, 4.5, and 6 with Reynolds
numbers based on the length to the hinge line (Re;) of 0.25, 0.5, and 1.0 million. Data
were obtained at nominal model wall to tunnel total temperature ratios (Tyan/T.) of
0.9, 0.6, and 0.3 at all Mach numbers, with an additional series at Ty /Ty, = 0.1 at
Mach number 6. Boundary-layer and flow-field survey data were obtained at several model
locations for selected configurations and test conditions. A complete summary of the test
matrix is given in Appendix III.

Before a particular test series, the model was adjusted to a roll angle within 0.1
deg of zero using an inclinometer, and the survey probe was set at the desired model
location and proper pitch angle (either O or 9.5 deg) to survey perpendicular to the surface.
Model leading-edge yaw was checked on each installation and found to be within 0.1
deg. In general, the model was aligned in pitch, to within *0.05 deg, by injecting the
model into the tunnel, allowing the model to reach equilibrium wall temperature, then
adjusting "to zero angle of attack by use of an optical level and a scribe mark on the
model.

During a typical data group, the model was first cooled to the desired wall temperature
by use of liquid nitrogen in the internal passages while gaseous nitrogen was blown over
the surface to prevent frost accumulation. After the desired level was reached, the liquid
and gaseous nitrogen were cut off, transducer zeros were taken, and the reference pressure
trapped in the transducer package. The model was then injected into the airflow and,
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-as soon as steady flow was established (approximately 5 to 10 sec),! the probe vertical
drive was started. Model surface data were taken continuously at the rate of 20 scans
per second from the time the injection cycle started until the probe survey (30 to 45
sec) was completed. By comparing several sets of data reduced at various times it was
determined that the surface pressures reached a steady value no later than 7 sec after
the model reached the tunnel centerline. The surface data contained in this report were
obtained from the earliest possible time in order to have the most uniform wall temperature.
The monitor thermocouples indicated that at the worst conditions the wall temperature
was uniform to within +30°F and was usually much more uniform (+18°F). Checks were
also made early in the test to determine the speed at which the probe could be driven
and still agree with the conventional finite point method of taking data. A vertical drive

speed of | in. per minute was shown to give reliable data at even the lowest Reynolds
number.

3.2 UNCERTAINTIES OF THE DATA

An evaluation of the influence of random measurement errors is presented in this
section to provide a partial measure of the precision of the results contained in this report.
No evaluation of the systematic measurement error (bias) is included here. Therefore, the
precision of the test results was estimated using the estimated instrumentation precisions
quoted in Section II, and the uncertainties in free-stream conditions given below,
considering that the propagation of these independent measurement errors is closely
approximated by a Taylor's series expansion.

The estimated uncertainties in free-stream Mach number (based on repeat calibrations)
and stagnation pressure are presented below along with the corresponding estimates of

the precision of pertinent free-stream conditions:

PERCENTAGE (+) OF UNCERTAINTIES IN FREE-STREAM CONDITIONS

Nominal
Mach Number M. Pt P Q. (u/v),
6 0.5 0.5 3.1 2.1 2.1
4.5 0.3 0.5 1.8 1.2 14
3 0.3 0.5 1.4 0.9 1.2

The estimated random errors in the surface pressure measurements are presented below
in terms of the ratio p/p.. for both the flat plate (p/p.. = 1) and the ramp (p/p.. = maximum
measured value) because of the significant differences in pressure at all test conditions.
The ranges quoted correspond to those at maximum and minimum free-stream stagnation

1Thi:s unsteady tunnel flow was caused by a temporary “choking” of the tunnel when the model was injected
with the instrumented surface down (Fig. 1). The tunnel “restarted” as soon as the injection tank fairing doors were
closed. All tests were conducted with the model in this attitude because, at some tunnel conditions, the flow would
not “rest<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>